Constraining Fundamental Physics with Future CMB Experiments 
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The Planck experiment will soon provide a very accurate measurement of Cosmic Microwave 
Background anisotropies. This will let cosmologists determine most of the cosmological parameters 
with unprecedented accuracy. Future experiments will improve and complement the Planck data 
with better angular resolution and better polarization sensitivity. This unexplored region of the 
CMB power spectrum contains information on many parameters of interest, including neutrino 
mass, the number of relativistic particles at recombination, the primordial Helium abundance and 
the injection of additional ionizing photons by dark matter self-annihilation. We review the imprint 
of each parameter on the CMB and forecast the constraints achievable by future experiments by 
performing a Monte Carlo analysis on synthetic realizations of simulated data. We find that next 
generation satellite missions such as CMBPol could provide valuable constraints with a precision 
close to that expected in current and near future laboratory experiments. Finally, we discuss the 
implications of this intersection between cosmology and fundamental physics. 

PACS numbers: 98.80. Cq 



I. INTRODUCTION 

Starting with COBE's groundbreaking detection of 
microwave background fluctuations pj, the past two 
decades have seen dramatic improvements in measure- 
ments of the microwave background temperature fluctu- 
ations (see e.g. [2| and g)- Planck's highly anticipated 
temperature power spectrum measurements (see [^ ) will 
further advance this program and produce significantly 
improved constraints on cosmological parameters. 

While Planck's measurement of the anisotropy power 
spectrum to multipoles t ^ 2000 will extract most of 
the information in primordial temperature fluctuations, 
ongoing and planned ground-based and balloon-based ex- 
periments are exploring two important open frontiers: (a) 
the measurement of extremely (< 5') small-scale temper- 
ature and polarization fluctuations [5| and (b) the search 
for primordial B-modes, the distinctive signature of grav- 
itational waves from inflation, on large scales [6[. 

For example, balloon-borne experiments such as EBEX 
pTJ and SPIDER [12] will improve the measurements of 
CMB polarization while ground based telescopes such as 
the Atacama Cosmology Telescope (ACT) [14] and the 
South Pole Telescope [ij] will extend temperature and 
polarization measurements to smaller, sub-arcminute, 
angular scales. Proposals for next generation CMB satel- 
lites such as CMBPol ^ or B-POL [llj are under eval- 
uation from American and European space agencies. 

What will we learn from measuring CMB temperature 
and polarization fluctuations on small-scales? The am- 
plitude of temperature and polarization fluctuations is 
determined by several different physical effects: (1) the 
amplitude of primordial fluctuations, (2) the evolution of 
the ionization fraction of the universe at z > 1200, which 



determines the sound speed for acoustic fluctuations, (3) 
the evolution of the ionization fraction of the universe 
at z < 1200, which determines the thickness of the sur- 
face of last scatter and (4) the transition from radiation 
to matter domination. Moreover, while small-scale CMB 
fluctuations are initially pure E mode, gravitational lens- 
ing rotates E modes into B modes Q • By measuring the 
pattern of small scale E and B modes, cosmologists will 
be able to determine the large-scale convergence field, a 
direct measure of the integrated density fluctuations be- 
tween redshift z = 1100 and z = (see e.g. [22J.[23t). 
The convergence power spectrum is particularly sensi- 
tive to density fluctuations at z '^ 2, an important conr- 
plenrent to planned optical lensing measurements that 
probe the evolution of density fluctuations in the z < 1 
universe. 

The goal of this paper is to quantify the cosmological 
information that could come from these new datasets. 
This is important for several reasons. First, while there 
have been many studies of the future cosmological con- 
straints from Planck, very few papers have investigated 
the constraining power of combinations of future CMB 
datasets from different sources. Second, as we will de- 
scribe in the next sections, we will consider a large set 
of parameters focusing on those that mainly affect the 
" damping tail" of the CMB angular spectrum. We con- 
sider additional parameters such as the total neutrino 
mass ^ m^ (which affects the growth of structure in the 
late universe) , the number of additional relativistic neu- 
trino species N^f^ (which changes the matter-radiation 
epoch), and possible changes in the recombination pro- 
cess due to changes in the fractional helium abundance 
Yp, dark matter self-annihilation processes, and varia- 
tions in fundamental constants such as as the fine struc- 



ture constant a and Newton's gravitational constant G. 
We will not only show the constraints on each single pa- 
rameter but also the degeneracies among them. 

We will consider 3 experimental configurations: the 
Planck satellite Q , the combination of Planck with ACT 
fitted with polarization-sensitive detectors, ACTPol, [iJI 
and, finally, the next CMBPol satehite [T5| . 

Recent studies have already fully demonstrated the 
ability of next generation satellite missions to constrain 
inflationary parameters (l8| and the reionization history 
[l9] in the framework of the CMBPol concept mission 
study (see also [20|)- For this reason we will not consider 
primordial gravitational waves, more general reionization 
scenarios or experiments that will mainly probe large an- 
gular scale polarization in this paper. 

This paper will show that next generation CMB ex- 
periments can significantly improve constraints on cos- 
mology and fundamental physics and could produce a 
detection of neutrino mass. The paper is structured as 
follows. Section II describes our analysis approach. Sec- 
tion III presents our analysis for improved constraints 
from the planned ACTPol experiment and for the pro- 
posed CMBPol experiment. In Section IV we present our 
conclusions. 



II. FORECAST METHOD AND ASSUMPTIONS 

We generate synthetic datasets for the Planck, ACTPol 
and CMBPol experiments following the commonly used 
approach described for example in [l7[ and j24|. These 
datasets are generated starting from the assumption of a 
fiducial "true" cosmological model compatible with the 
WMAP-5 maximum likelihood parameters [60] , i-e. with 
baryon density rif,/i^ = 0.0227, cold dark matter density 
Q.ch^ = 0.110, spectral index Ug = 0.963, and optical 
depth T = 0.09. This model also assumes a fiat universe 
with a cosmological constant, massless neutrinos with ef- 
fective number Nf,^^ = 3.04, standard recombination. 
Helium fraction Yp = 0.24 and all fundamental constants 
fixed to their current values (we will vary all these pa- 
rameters later) . Given the fiducial model, we use the 
publicly available Boltzmann code CAMEQ [21| to cal- 
culate the corresponding theoretical angular power spec- 
tra Cj"^, Cj^, Cf^ for temperature, cross temperature- 
polarization and polarization, q 

The synthetic datasets are then generated by consid- 
ering for each Ci a noise spectrum given by: 



where is the FWHM of the beam assuming a Gaussian 
profile and where w~^ is the experimental power noise 
related to the detectors sensitivity a by w^^ = (Ocr)^ ■ 

We assume that beam uncertainties are small and that 
uncertainties due to foreground removal are smaller than 
statistical errors. These are demanding assumptions; 
however, the experimental groups are working hard to 
achieve these goals. 

Together with the primary anisotropy signal we also 
take into account information from CMB weak lensing, 
considering the power spectrum of the defiection field C^'^ 
and its cross correlation with temperature maps Cf"^. A 
large number of methods have been suggested for lensing 
extraction from CMB maps. All these methods exploit 
the non-gaussian signal induced by lensing. Here we use 
the quadratic estimator method of Hu & Okamoto [23| , 
that provides an algorithm for estimating the correspond- 
ing noise spectrum iV^'' from the observed CMB primary 
anisotropy and noise power spectra. 

This method doesn't include the polarization BB 
channel since is dominated by the lensing signal. The 
Planck experiment is not sensitive to the BB lensing sig- 
nal, while the CMBPol experiment and, possibly, ACT- 
pol could detect it. While algorithms are available that 
can in principle include in the forecast the lensing BB 
signal, here we take the conservative approach to not 
include it. This leaves open the possibility to use this 
channel for further checks for foregrounds contamination 
and systematics. 

We generate mock datasets with noise properties con- 
sistent respectively with the Planck mission (see Q), the 
ACT telescope ll4| and the future CMBPol experiment 
[15| . For the simulated Planck dataset we consider the 
detectors at 70, 100, and USGHz while for ACTPol we 
use the single l50GHz channel. For CMBPol we also 
consider the single 150GHz channel. The experimental 
specifications are reported in Table U where the sensitiv- 
ity a is in units of AT/T. 

Once a mock dataset is produced we compare a generic 
theoretical model through a likelihood C defined as 



21n/: = 5](2; + l)/sky(^p+ln|^-3J, (2) 



where D is defined as 
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^ Note that we don't consider the B mode lensing channel, we will 
discuss this choice later in this section 



where Ci and Ci are the fiducial and theoretical spectra 
plus noise respectively, and \C\, \C\ denote the deter- 
minants of the theoretical and observed data covariance 
matrices respectively, 
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and finally fsky is the sky fraction sampled by the exper- 
iment after foregrounds removal. 

We derive constraints from simulated data using a 
modified version of the publicly available Markov Chain 
Monte Carlo package cosmomc [6a] with a convergence 
diagnostic based on the Gelman and Rubin statistic 
performed on 8 chains. We sample the following nine- 
dimensional set of cosmological parameters, adopting 
flat priors on them: the physical baryon and Cold Dark 
Matter density fractions, Ub — flbh^ and lUc — ^ch^, 
the ratio of the sound horizon to the angular diameter 
distance at decoupling, 9s ^ the scalar spectral index 
ns, the overall normalization of the spectrum As at 
k = 0.002 Mpc~^, the optical depth to reionization, 
r, the total mass of neutrinos, ^m^, the primordial 
helium abundance, Yp, and the dark energy equation of 
state w. We also consider parameters that can change 
the process of recombination: the dark matter self- 
annihilation rate Pann, a variation in the fine structure 
constant a/ao and in Newton's constant Xq = G/Gq, 
where ao and Gq are the currently measured values. For 
these latter parameters we choose to sample the Hubble 
constant Hq instead of 9s since these parameters are 
derived assuming standard recombination. We also use 
a cosmic age top-hat prior with 10 Gyr< to < 20 Gyr. 
Furthermore, we consider adiabatic initial conditions 
and we impose flatness. 

In what follows we will consider temperature and po- 
larization power spectrum data up to £max — 2500, 
due to possible unresolved foreground contamination at 
smaller angular scales and larger multipoles. Measure- 
ments of small-scale temperature fluctuations by ACT [9] 
and SPT 10] confirm that extragalactic foregrounds will 
limit precision measurements of primordial temperature 
fluctuations to f < 2500. Even if these foregrounds could 
be removed, kinetic Sunyaev-Zel'dovich (KSZ) fluctua- 
tions would provide a limiting source of confusion that 
will be difficult to model and impossible to remove as 
it has the same spectral shape as primordial fluctua- 
tions. Small-scale polarization measurements offer our 
best hope to probe the early universe on angular scales 
oi £ = 2000 — 4000: dusty galaxies are thought to be only 
1-2% polarized [3]. We expect that secondary fluctua- 
tions should produce minimal polarization fluctuations 
and therefore that polarization will provide an unbeat- 
able test for systematics. We have checked that including 
only polarization data from i — 2500 up to imax — 3500 
does not significantly change the cosmological results, 
again suggesting the use of high £ polarized data for 
checks for systematics. 



Planck 


70 


14' 


4.7 


6.7 


fsky = 0.85 


100 


10' 


2.5 


4.0 




143 


7.1' 


2.2 


4.2 


ACTPol 


150 


1.4' 


14.6 


20.4 


fsky = 0.19 










CMBPol 


150 


5.6' 


0.037 


0.052 


fsky = 0.72 











TABLE I. Planck 4], ACTPol[lJ| and CMBPol[ig] experi- 
mental specifications. Channel frequency is given in GHz, 
FWHM in arcminutes and noise per pixel in 10~® for the 
Stokes I, Q and U parameters. In the analysis, we assume that 
beam uncertainties and foreground uncertainties are smaller 
than the statistical errors in each of the experiments. 



III. RESULTS 



Constraints on the "standard" 6 parameters 
A - CDM scenario 



Parameter 


Planck 


Planck-hACTPol 


CMBPol 


uncertainty 










ainth"") 


0.00013 


0.000078 


(1.7) 


0.000034 (3.8) 


ain^h'^) 


0.0010 


0.00064 


(1.6) 


0.00027 (3.7) 


aiOs) 


0.00026 


0.00016 


(1.6) 


0.000052 (5.0) 


a(r) 


0.0042 


0.0034 


(1.2) 


0.0022 (1.9) 


a{ns) 


0.0031 


0.0021 


(1.5) 


0.0014 (2.2) 


a{log[10'°As]) 


0.013 


0.0086 


(1.5) 


0.0055 (2.4) 


a{Ho) 


0.53 


0.30 


(1.8) 


0.12 (4.4) 



TABLE n. 68% c.l. errors on cosmological parameters from 
future surveys. A "standard" , 6 parameters A-CDM scenario 
is assumed. The numbers in brackets show the improvement 
factor i = apianck/<y respect to the Planck experiment. 



In Table |II] we report the future constraints on the pa- 
rameters of a "minimal" cosmological model. Together 
with the standard deviations on each parameter we also 
report, for ACTPol and CMBPol, the improvement fac- 
tor for each parameter defined as the ratio apianck/o' 
where a is the error from Planck-|- ACTPol or CMBPol 
and (Tpianck is the constraint from Planck. 

As we can see in the Table, the combination of Planck 
with ACTPol will improve by a factor ~ 1.5 the con- 
straints on most of the parameters derived from Planck 
alone. CMBPol will improve by a factor ~ 4 the con- 
straints on the baryon density, Hq and 9a^ while the con- 
straints on parameters as Ug and r are improved by a 
factor ^ 2. 



B. Future Constraints on Neutrino Masses 
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0.108 



FIG. 1. 68% and 95% likelihood contour plots on the ^m^, 
- ojc plane for Planck (blue), Planck+ACTPol (red) and 
CMBPol (green). 
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FIG. 2. 68% and 95% likelihood contour plots on the ^ nii, 
- Us plane for Planck (blue), Planck+ACTPol (red) and 
CMBPol (green). 

The detection of the absolute mass scale of the neu- 
trino is one of the major goals of experimental particle 
physics. However, cosmology could provide an earlier, 
albeit model-dependent, detection. CMB power spec- 
tra are sensitive to a total variation in neutrino mass 
eigenstates Stoj^ (see e.g. [25|, [2^) but can't discrimi- 
nate between the mass of a single neutrino flavour (see 
e.g. 1231) because of degeneracies with other parameters. 
Inclusion of massive neutrinos increases the anisotropy at 
small scales because the decreased perturbation growth 
contributes to the photon energy density fluctuation. 
Moreover, gravitational lensing leads to smoothing of the 
acoustic peaks and enhancement of power on the damp- 
ing tail of the power spectrum; the amount of lensing is 
also connected to the neutrino mass (see e.g.[28|). 




Parameter 


Planck 


Planck-l-ACTPol 


CMBPol 


uncertainty 










ai^bh") 


0.00014 


0.000081 


(1.7) 


0.000033 (4.2) 


a{n,h^) 


0.0017 


0.0010 


(1.7) 


0.00071 (2.4) 


a{es) 


0.00028 


0.00016 


(1.7) 


0.000062 (4.5) 


a{r) 


0.0042 


0.0034 


(1.2) 


0.0023 (1.8) 


a{ns) 


0.0034 


0.0022 


(1.5) 


0.0016 (2.1) 


a{\og[lQ^° As]) 


0.013 


0.0094 


(1.4) 


0.0065 (2.0) 


a{Y,m^) 


< 0.16 


<0.08 


(2.0) 


< 0.05 (3.2) 



TABLE III. 68% c.l. errors on cosmological parameters in the 
case of massive neutrinos. The numbers in brackets show the 
improvement factor (Jpianck/<^ respect to the Planck experi- 
ment. 



Current oscillation experiments provide essentially 
two mass differences for the neutrino mass eigenstates: 
^^loiar ~ 8 X 10-5ey2 and Am2,„ ^ 2.5 x IQ-^eV^ 
(see e.g. [2^ and references therein). An inverted hier- 
archy in the neutrino mass eigenstates predicts a lower 
limit to the total neutrino mass of about ^ rn^ > O.lOeF 
while a direct hierarchy predicts ^ rrii, > 0.05eV^. The 
goal for CMB experiments is therefore to have a sensitiv- 
ity better than '}2,mi, < O.lOeF for possibly ruling out 
the inverted hierarchy and better than ^TOi^ < O.OSey 
for a definitive detection of neutrino mass. As we can see 
from Tabic IIIII the expected sensitivity from Planck and 
Planck+ACTPol is sufficient to find the neutrino mass in 
the inverted hierarchy case, while CMBPol could possibly 
also measure it in the direct hierarchy case. In particular, 
the combination of ACTPol data with Planck is expected 
to improve the bound on the neutrino mass by a factor of 
2 while CMBPol can improve it by a factor of more than 
3. These limits are far better than those expected from 
future laboratory experiments. The expected upper limit 
expected from the KATRIN [30| beta decay experiment is 
rrii,^ < 0.2ey at 90% c.l., which roughly translates to an 
upper limit of J2 '^i' < 0.48ey at one standard deviation 
(see (U). Planck and Planck+ACTPol will explore the 
same energy scale, providing a great opportunity for con- 
firming or anticipating a mass detection from KATRIN. 
Planck alone will also falsify or confirm the claim of de- 
tection of the absolute scale of the neutrino mass from 
the Heidelberg-Moscow neutrinoless double beta decay 
experiment with a effective electron neutrino mass in the 
range 0.2ey < m^^ < 0.6eV at 99.73% c.l. ^. 

Future double beta decay experiments such as MARE 
[33j should sample mass scales of the order of TOj,^ ~ 
0.2ey. These experiments, if combined with Planck and 
Planck+ACTPol constraints could provide extremely 
valuable information on neutrino physics. For example, 
a CMB detection of a neutrino mass not confirmed by 
double beta decay experiments would rule out neutrinos 
as majorana-like particles. 

Including a neutrino mass in the determination of the 



cold dark matter density Uc results in an uncertainty that 
is nearly doubled with respect to the standard analysis, as 
we can see by comparing Table IIIII with Table HIl More- 
over, the constraints on Ug are also affected. We show in 
Figure [T] and Figure [2] the 2-D likelihood contour plots 
at 68% and 95% confidence level in the Emi/ vs luc and 
vs Us planes respectively. As we can see, a non negligible 
neutrino mass has positive correlation with higher values 
of the cold dark matter abundance and lower values of 
the scalar spectral index. 



Future Constraints on Extra Background of 
Relativistic Particles 





FIG. 3. 68% and 95% likelihood contour plots on the N^ff 
- Us plane for Planck (blue), Planck -l-ACTPol (red) and 
CMBPol (green). 



FIG. 5. 68% and 95% likelihood contour plots on the A^e// 
- LJc plane for Planck (blue), Planck+ACTPol (red) and 
CMBPol (green). 
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FIG. 4. 68% and 95% likelihood contour plots on the Neff 
- ujb plane for Planck (blue), Planck+ACTPol (red) and 
CMBPol (green). 

An additional background of relativistic (and non- 
interacting) particles can be parametrized by introduc- 
ing an effective number of neutrino species N^^f. This 



FIG. 6. 68% and 95% likelihood contour plots on the N^ff - 6s 
plane for Planck (blue), Planck-|-ACTPol (red) and CMBPol 
(green). 



additional background changes the CMB anisotropics 
through time variations of the gravitational potential at 
recombination due to the presence of this non-negligible 
relativistic component (the so-called early Integrated 
Sachs Wolfe effect). The main consequence is an increase 
in the small-scale CMB anisotropy (see e.g. [34J). The 
results are reported in Table IIVI 

As we can see, combining ACTPol with Planck will 
improve the constraint on N^ff by a factor of 1.5 while 
CMBPol could improve it by a factor of ^ 3.7. Com- 
paring with the results in Table HTJ the inclusion of a 
background of relativistic particles strongly weakens the 
constraints on n^, Wb, Wc and 0s. As we can see from Fig- 
ures 131 HI and [S] and [5] there is indeed a strong positive 
correlation between N^-^' and these parameters (negative 
for Os). 

While adding ACT data will improve the constraints 
by a factor ^ 2, CMBPol can provide constraints that 



Parameter 


Planck 


Planck+ACTPol 


CMBPol 


uncertainty 










aiilth^) 


0.00020 


0.00013 


(1.5) 


0.000048 (4.1) 


a{Q.ch^) 


0.0025 


0.0015 


(1.7) 


0.00058 (4.3) 


aiOs) 


0.00044 


0.00024 


(1.8) 


0.000075 (5.9) 


air) 


0.0043 


0.0035 


(1.2) 


0.0023 (1.9) 


a{ns) 


0.0073 


0.0049 


(1.5) 


0.0026 (2.8) 


aQoglW^^As]) 


0.019 


0.013 


(1.5) 


0.0078 (2.4) 


<^iNeff) 


0.18 


0.11 


(1.6) 


0.044 (4.1) 



TABLE IV. 68% c.l. errors on cosmological parameters in the 
case of extra background of relativistic particles Neff. The 
numbers in brackets show the improvement factor upianck/a 
respect to the Planck experiment. 



could give valuable information on the physics of neutrino 
decoupling from the photon-baryon primordial plasma. 
As it is well known, the standard value of neutrino pa- 
rameters Neff = 3 should be increased to Neff = 3.04 
due to an additional contribution from a partial heat- 
ing of neutrinos during the electron-positron annihila- 
tions (see e.g. jS^j). This effect, expected from standard 
physics, could be tested by the CMBPol experiment, al- 
beit at just one standard deviation. However, the pres- 
ence of non standard neutrino-electron interactions (NSI) 
may enhance the entropy transfer from electron-positron 
pairs into neutrinos instead of photons, up to a value of 
Neff = 3.12 (36]). This value could be discriminated 
by CMBPol from Neff = 3 at ~ 3 standard deviations, 
shedding new light on NSI models. 



D. Future Constraints on Dark Matter Self 
Annihilation 



Annihilating particles affect the ionization history of 
the universe in three different ways: the interaction of the 
shower produced by the annihilation with the thermal 
gas can ionize the gas, induce Ly-a excitation of the 
hydrogen and heat the plasma. The first two modify the 
evolution of the free electron fraction Xe, the third affects 
the temperature of baryons ( [37| , |38| , |3S] ) . 

The rate of energy release ^ per unit volume by a 
relic self-annihilating dark matter particle is given by 



dE 
'dt 



iz)^pynUiii + zTPa 



Pa 



f 



< av > 



(6) 
(7) 



where ?t.dm(-z) is the relic DM abundance at a given 
redshift z, < av > is the effective self-annihilation rate 
and m^ the mass of our dark matter particle, ftuM is 
the dark matter density parameter and pc is the critical 
density of the universe today; the parameter / indicates 
the fraction of energy which is absorbed overall by the 
gas, under the approximation that the energy absorption 



takes place locally. The CMB is sensitive to the com- 
bined parameter Pann only. The greater Pann, the higher 
the fraction of free electrons surviving after recombina- 
tion, which widens the peak of the visibility function and 
dampens the peaks of the temperature and polarization 
angular power spectra. 
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1 XDM M+p- 2500 GeV, BF=2300 1 

2 \L+fi- 1500 GeV.BF =1100 ; 
. a'XDM ji+ji- 2500 GeV, BF = 1000' 

4 XDM e+e- 1000 GeV, BF = 300 ' 

5 XDM 4:4:1 1000 GeV, BF = 420 - 

6 e+e- 700 GeV, BF = 220 ; 

7 [i+ji- 1500 GeV,BF = 560 

8 XDM 1:1:2 1500 Gey BF= 400 ; 

9 XDM ji+ji-400 GeV,BF = 110 

10 [i+ji- 250 GeV,BF = Gl "i 

11 W+W- 200 GeV, BF = 66 : 
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13e+e-100GeV,BF = 10 



1 



10 



100 
m,(GeV) 



1000 



10000 



FIG. 7. Constraints on the self-annihilation cross-section at 
recombination (< av >)zr times the gas-shower coupling pa- 
rameter f . The dark blue area is excluded by Planck at 
95% C.L, whereas the lightest blue area indicates the addi- 
tional parameter space excluded by CMBpol. Plank-|-ACT 
constraint is not shown as it is only 20% tighter than the 
Planck constraint. The dashed line represents the current 
constraints given by the WMAP5 data [37j. The red data 
points are taken from 40] (based on the results of [4J] and 
[451]). and indicate the positions of models of dark mat- 
ter particles that fit the observed cosmic-ray excesses for 
PAMELA data (squares), PAMELA-I-FERMI (diamods) and 
PAMELA-I-ATIC (crosses). The ratios appearing in the leg- 
end indicate models of particles that annihilate through an 
intermediate light state to electrons, muons and pions in the 
given ratio. Error bars indicate astrophysical uncertainties 
in the cross-section boost factor. We refer to [40] for further 
details on these models. 

As we can see by comparing the entries in Table IVl with 
the results in Table |lTl the inclusion of dark matter self- 
annihilation doesn't substantially affect the constraints 
on the other parameters. 

As shown in Galli et al. [37j, WMAP5 data already 
puts interesting constraints on dark matter annihilation, 
namely pann = 2.4 x 10"^ [mVs/Kg] at 95% c.l.. This 
result disfavours dark matter annihilation as the main 
cause of the anomalies in the cosmic ray positron to elec- 
tron fraction measured by PAMELA [41] and in the en- 
ergy spectrum of cosmic ray electrons measured by ATIC 
Hi and less evidently by FERMI [43]. Slatyer et al. ^ 
examined the constraining power of this result on WIMP- 
like dark matter models that fit the excesses in the data. 
In these models, particles annihilate in leptons and pi- 
ons both directly and through a new GeV-scale state. 
They showed that most of these models are excluded by 



Parameter 


Planck 


Planck+ACTPol 


CMBPol 


uncertainty 










aiQih^) 


0.00013 


0.000079 


(1.6) 


0.000032 


aiflch^) 


0.0010 


0.00063 


(1.6) 


0.00027 


<t(Ho) 


0.52 


0.30 


(1.7) 


0.12 


a{r) 


0.0042 


0.0034 


(1.2) 


0.0023 


a{ns) 


0.0032 


0.0021 


(1.5) 


0.0015 


a(log[10i«As]) 


0.013 


0.0085 


(1.5) 


0.0055 


Cr(Pann) 


< 1.5- 10"^ 


< 1.2- lO"'^ 


(1.2) 


<6.3- 10"* 



(4.1) 
(3.7) 
(4.3) 
(1.8) 
(2.1) 
(2.4) 
(2.4) 



TABLE V. 68% c.l. errors on cosmological parameters in 
the case of dark matter annihilation. The upper limits on 
Pann are at 95% c.l.. The parameter Pann is measured in 
[m'^/s/Kg]. The numbers in brackets show the improvement 
factor a Planck I (y respect to the Planck experiment. 




0.28 



FIG. 9. 68% and 95% likelihood contour plots on the Yhc - ns 
plane for Planck (blue), Planck+ACTPol (red) and CMBPol 
(green). 



WMAP5 at almost 2- a c.l. 

Results reported in Table IVl will exclude these models 
at more than ^ 10 — cr c.l. for Planck and Plank+ACT 
and at ~ 20 — (7 for CMBPol, as shown in figure [71 

It is also interesting to notice that the constraints ob- 
tained by CMBpol are comparable to those obtained by 
a cosmic variance limited (CVL) experiment with angu- 
lar resolution comparable to Planck and without lensing 
extraction. In fact, such a CVL experiment gives a con- 
straint oi Pann = 5 X 10"'* [STj, Comparable to the one 
reported in Table |V] for CMBpol. Finally, it is worth 
noting that adding small scale data from ACT improves 
the constraints obtained with Planck only data by just 
20%. 



E. Future Constraints on Helium Abundance 



0.0232 



0.023 



0.0228 



0.0226 



0.0224 



0.0222 



0.28 




FIG. 8. 68% and 95% likelihood contour plots on the Yhc - (j^b 
plane for Planck (blue), Planck+ACTPol (red) and CMBPol 
(green). 



As recently shown by several authors ([40|, [43], 
[48| . pOj ) the small scale CMB anisotropy spectrum 
can provide a powerful method for accurately deter- 
mining the primordial ^He abundance. Current astro- 
physical measurements of primordial fractional abun- 
dance Yp —^ He/{H +■* He) can be contained in the con- 
servative estimate of Yp = 0.250 ± 0.003 (see e.g. |50|). 



As we can see from Table IVIl the Planck satellite mis- 
sion alone will not reach this accuracy, even when com- 
bined with ACT. However it is important to note that 
the Helium abundance in the BBN scenario is a grow- 
ing function of N^ff and the baryon density. A change 
in ANeff ^ 1 could produce a ^ 5% variation in Yp 
that could be measurable by Planck or Planck+ACTPol. 
Moreover, a CMBPol-like experiment has the potential 
of reaching a precision comparable with current astro- 
physical measurements. This will open a new window 
of research for testing systematics in current primordial 
helium determinations. 



Parameter 


Planck 


Planck+ACTPol 


CMBPol 


uncertainty 










a{nth^) 


0.00019 


0.00013 


(1.5) 


0.000051 (3.7) 


(j{Q.ah^) 


0.0010 


0.00064 


(1.5) 


0.00027 (3.7) 


a{es) 


0.00046 


0.00026 


(1.8) 


0.00010 (4.6) 


a{r) 


0.0043 


0.0035 


(1.2) 


0.0023 (1.9) 


a{ns) 


0.0063 


0.0042 


(1.5) 


0.0025 (2.5) 


a(log[10"'As]) 


0.013 


0.013 


(1.0) 


0.0079 (1.6) 


<^{Y^) 


0.010 


0.0060 


(1.6) 


0.0029 (3.4) 



TABLE VI. 68% c.l. errors on cosmological parameters in the 
case of helium abundance. The numbers in brackets show the 
improvement factor (Jpianck/'^ respect to the Planck experi- 
ment. 



Comparing the results in Table IVTl with the constraints 



obtained in the case of a standard analysis in Table |TT1 
it is easy to see that the major impact of including this 
parameter is on the determination of the scalar spectral 
index Us and the baryon abundance, with the 1-cr c.l. 
increased by a factor ~ 2. In Figures |8] and |9] we plot the 
2-D likelihood contours at 68% and 95% c.l. between Yp 
and these parameters. 



Future Constraints on Dark Energy Equation of 
State 



Parameter 


Planck 


Planck+ACTPol 


CMBPol 


uncertainty 










aiO.bh'') 


0.00013 


0.000080 


(1.6) 


0.000032 (4.2) 


aiQch") 


0.0011 


0.00072 


(1.5) 


0.00038 (3.0) 


a{es) 


0.00026 


0.00016 


(1.6) 


0.000053 (4.9) 


a(r) 


0.0040 


0.0033 


(1.2) 


0.0023 (1.8) 


cr{ns) 


0.0032 


0.0022 


(1.4) 


0.0016 (2.0) 


a{log[10'°As]) 


0.013 


0.0098 


(1.3) 


0.0070 (1.9) 


a{w) 


0.2 


0.15 


(1.3) 


0.085 (2.4) 




FIG. 10. 68% and 95% likelihood contour plots on the w - Ho 
plane for Planck (blue), Planck+ACTPol (red) and CMBPol 
(green). 



TABLE VII. 68% c.l. errors on cosmological parameters from 
future surveys in case of a variable dark energy equation of 
state w. The numbers in brackets show the improvement 
factor a Planch I o respect to the Planck experiment. 




1.04 



As is well known, primary CMB anisotropics are not 
able to provide accurate measurements of the dark en- 
ergy equation of state because of geometrical degenera- 
cies present with other parameters such as the amplitude 
of the dark energy density itself (see e.g. [5i|) or the 
Hubble parameter. However, the inclusion of CMB lens- 
ing can break these degeneracies (see [52l,l53|), as we 
can see in Table I VIII and from Figure [TOl It is interest- 
ing to notice that the error on w is strongly dominated 
by the degenaracy with _ffo- In fact, the constraints on 
w from the 3 datasets considered are almost the same if 
one adds a strong prior on _ffo at a level of 2%, obtaining 
a(w) = 0.039 for Planck, a{w) ^ 0.037 for Planck-|-ACT 
and a{w) = 0.033 for CMBpol. 



G. Future Constraints on Variations of 
Fundamental Constants 

CMB anisotropics are sensitive to variations in fun- 
damental constants such as the fine structure constant a 
(see e.g. [11], [5i],[5i|, [13) or Newton's constant G ((H) 
through changes in the recombination scenario. Varying 
a changes the ionization and excitation rates and can de- 
lay or accelerate recombination. Varying G does not af- 



FIG. 11. 68% and 95% likelihood contour plots on the Xg - Hg 
plane for Planck (blue), Planck-f ACTPol (red) and CMBPol 
(green). 




1.04 



FIG. 12. 68% and 95% likelihood contour plots on the Xq - ris 
plane for Planck (blue), Planck+ACTPol (red) and CMBPol 
(green). 



feet recombination directly but "rescales" the expansion 




69.5 ■ 



0.995 



Parameter 


Planck 


Planck+ACTPol 


CMBPol 


uncertainty 










a{nth^) 


0.00019 


0.00013 


(1.5) 


0.000048 (3.9) 


o{Q.^h^) 


0.0010 


0.00068 


(1.5) 


0.00025 (4.0) 


air) 


0.0042 


0.0037 


(1.1) 


0.0022 (1.9) 


a{Ho) 


0.60 


0.40 


(1.5) 


0.13 (4.6) 


a{ns) 


0.0061 


0.0046 


(1.3) 


0.0023 (2.6) 


a(log[10i°A,]) 


0.018 


0.013 


(1.4) 


0.0073 (2.5) 


o{\g) 


0.012 


0.0076 


(1.6) 


0.0030 (4.0) 



1.005 



TABLE VIII. 68% c.l. errors on cosmological parameters from 
future surveys in case of a variable gravitational constant 
G. The numbers in brackets show the improvement factor 
(y Planck jo rcspect to the Planck experiment. 



FIG. 13. 68% and 95% likelihood contour plots on the q/qq 
- Ho plane for Planck (blue), Planck+ACTPol (red) and 
CMBPol (green). 




Parameter 


Planck 


Planck+ACTPol 


CMBPol 


uncertainty 










oiSlbh^) 


0.00013 


0.000087 


(1.6) 


0.000035 (4.1) 


oiSl^h^) 


0.0012 


0.00072 


(1.7) 


0.00032 (3.9) 


a{r) 


0.0042 


0.0034 


(1.2) 


0.0024 (1.8) 


a{Ho) 


0.77 


0.40 


(1.9) 


0.21 (3.8) 


a{ns) 


0.0060 


0.0036 


(1.8) 


0.0026 (2.6) 


a(log[10i«Al) 


0.015 


0.011 


(1.4) 


0.0042 (2.5) 


cr(a/ao) 


0.0018 


0.00095 


(2.0) 


0.00053 (3.7) 



0.995 



1.005 



TABLE IX. 68% c.l. errors on cosmological parameters from 
future surveys in case of a variable fine structure constant 
a. The numbers in brackets show the improvement factor 
(^ Planck /<y respect to the Planck experiment. 



likelihood contour plots in Figures [TTl [121 HSl and [TH 



FIG. 14. 68% and 95% likelihood contour plots on the a/ao 
- Us plane for Planck (blue), Planck+ACTPol (red) and 
CMBPol (green). 



rate of the Universe, changing the epoch when recombi- 
nation takes place. 

The constraints are reported in Table IIXI and Table 
IVIIII for variations in a and G respectively. In order to 
parametrize the variations with dimensionless quantities 
we have considered variations in the parameters Aq = 
a/ao e Ag = G/Gq where ag and Go are the current 
values of these fundamental constants, measured in the 
laboratorjH ao = 7.2973525376(50) x 10"^ and Go = 
6.67428(67) x IQ-^^m^kg-h-^. 

As we can see from Tables IIXI and IVIIII a variation 
in these fundamental constants has important effects for 
the determination of the scalar spectral index n^ and the 
Hubble costant Hq. This can also be seen in the 2-D 



See|http://www.codata.org/| 



IV. CONCLUSIONS 

In this paper we have performed a systematic analysis 
of the future constraints on several parameters achiev- 
able from CMB experiments. Aside from the 5 parame- 
ters of the standard A-CDM model we have considered 
new parameters mostly related to quantities which can 
be probed in a complementary way in the laboratory 
and/or with astrophysical measurements. In particu- 
lar we found that the Planck experiment will provide 
bounds on the sum of the masses I]m,y that could po- 
tentially definitively confirm or rule out the Heidelberg- 
Moscow claim for a detection of an absolute neutrino 
mass scale. Planck+ACTPol could reach sufficient sen- 
sitivity for a robust detection of neutrino mass for an 
inverted hierarchy, while CMBPol should also be able 
to detect it for a direct mass hierarchy. The compar- 
ison of Planck+ACTPol constraints on baryon density, 
Neff and Yp with the complementary bounds from BEN 
will provide a fundamental test for the whole cosmo- 
logical scenario. CMBPol could have a very important 
impact in understanding the epoch of neutrino decou- 
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pling. Moreover, the primordial Helium abundance can 
be constrained with an accuracy equal to that of cur- 
rent astrophysical measurements but with much better 
control of systematics. Constraints on fundamental con- 
stants can be achieved at a level close to laboratory 
constraints. Such overlap between cosmology and other 
fields of physics and astronomy is one of the most inter- 
esting aspect of future CMB research. 

We should note, however, that our forecasts rely on 
several technical assumptions. First, we assumed that 
the theoretical model of the recombination process is ac- 
curately known. This is not quite true as corrections 
to the recombination process are already needed for the 
Planck experiment (see e.g. [fill). However, this is 
mainly a computational problem that could be solved by 
the time of CMBPol launch, expected not before 2015. 



In addition, we assume that the foreground and beam 
uncertainties are smaller than the statistical errors. 

Nevertheless, the results clearly show the advantage of 
adding small scale data from the ACT telescope to the 
Planck satellite data. Adding the former to the latter 
will improve the constraints by a factor ~ 2 in most of 
the models considered. 
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